We report on the development of a microfabricated atomic magnetic gradiometer based on optical spectroscopy of alkali atoms in the vapor phase. The gradiometer, which operates in the spin-exchange relaxation free regime, has a length of 60 mm and cross sectional diameter of 12 mm, and consists of two chip-scale atomic magnetometers which are interrogated by a common laser light. The sensor can measure differences in magnetic fields, over a 20 mm baseline, of 10 fT/Hz 1/2 at frequencies above 20 Hz. The maximum rejection of magnetic field noise is 1000 at 10 Hz. By use of a set of compensation coils wrapped around the sensor, we also measure the sensor sensitivity at several external bias field strengths up to 150 mG. This device is useful for applications that require both sensitive gradient field information and high common-mode noise cancellation.
Optically-pumped magnetometers operate with a net spin polarization, and the spin undergoes Larmor precession in an external magnetic field
1 . This spin rotation modifies the light-atom interaction, and a magnetic field dependent signal appears in either the absorption or phase shift of a probe beam 2 . Two main research directions in this field have been to improve the sensor sensitivity on the one hand and the size, weight, power consumption and spatial resolution on the other hand. Subfemtotesla magnetic field sensitivity has been achieved in the spin-exchange relaxation free (SERF) regime 3, 4 , and with radio-frequency 5 , and scalar 6 atomic magnetometers. Micrometer and nanometer scale spatial resolutions have also been realized in systems such as Bose-Einstein condensates 7, 8 and nitrogen-vacancy centers 9 , respectively. The combination of these two research directions has led to compact cavity-assisted tabletop experiments 6,10-13 and highly sensitive miniaturized devices 14 . These devices, making use of millimeter-scale cells, are small, power efficient, and broadly useful in sensing applications that require portability or battery operations. They are also useful for biomagnetic imaging, where the target distance is on the millimeter to centimeter scale. Such applications include human magnetoencephalography 15 and magnetocardiography 16 . For better target field spatial information and common noise cancellation in these applications, it requires gradiometer sensors. Here we report on the development of a miniaturized magnetic gradiometer based on chip-scale atomic magnetometers.
NIST chip-scale magnetometers 14,17 use microfabricated vapor cells, and operate with a single laser beam for both pumping and probing the atomic polarization. The high magnetic field sensitivity can result from a combination of the SERF mechanism 18,19 and a zero field level crossing resonance 20 . We build the gradiometer by placing two such cells on the same optical bench separated by 20 mm as shown in Fig. 1(a) . This geometry allows both cells to share the same laser source. As a result, the optical noise is largely common to both magnetometers. Compared to other gradiometers, which use two separate magnetometer devices 21 or a single large cell 22 , the sensor in this paper maintains both a high common-mode rejection ratio (CMRR) and a small cell size.
The optical bench is a cylinder with a length of 60 mm and a diameter of 12 mm, fabricated using highresolution stereolithography. The bench is fabricated in two halves separated by a plane in the cylinder axis. One half contains the photodetectors, while the other half contains all the optics. The cells are located 4 mm and 24 mm from the end of the sensor, respectively, which allows the sensing cell to be placed in close proximity to the magnetic field source.
There are three separate optical beams inside the sensor. One beam at 795 nm is used for the optical pumping, which is split into two beams, one for each cell. Two separate beams at 1550 nm are used for independently heating the cells 23 . Fig. 1(b) shows the pumping beam paths inside the sensor. This pumping beam is generated by a distributed feedback diode laser, and sent to the bench through a 6 m long polarization maintaining fiber. A 0.2 mm thick polarizer at the end of the fiber cleans up the beam polarization. The diverging beam goes through a lens anti-reflection coated for wavelengths from 700 nm to 1600 nm, and the output collimated beam diameter is about 2 mm. A dichroic mirror is placed next to the reference cell, acting as a 50/50 beam splitter for the pumping beam, and a reflector for the reference cell heating beam. A gold coated mirror under the sensing cell reflects both its pumping and heating beams. Thin quarter-wave plates circularly polarize the pumping beams, which are detected after the cells by two silicon photodiode chips with an active area of 3.5 mm 2 . The photodiode chips are attached to a printed circuit board (PCB), using conductive glue for the cathodes and wire bonding for the anodes. A printed Kapton flexible coil system is wrapped around the optical bench. This flex coil system provides two pairs of circular Helmholtz coils for magnetic fields in the main sensitive direction along the cylinder axis of the sensor, and two pairs of saddle coils for common magnetic fields in the two perpendicular directions. The flex coils are soldered to the PCB, so that all electrical controls exit the sensor through the PCB. A 6 m long CAT5e cable transfers the electrical signals to the control electronics.
The chip-scale cells used in this sensor are made using anodic bonding between silicon and Pyrex glass. The cell's outer size is 4×4×2.7 mm 3 with an interior size of 3×3×2 mm 3 . The cells were filled with roughly 1 amg of N 2 gas, and a droplet of 87 Rb. If cells in a gradiometer are filled with different gas pressures, Rb atoms experience different shifts of the optical absorption line. This reduces the laser noise cancellation in the gradiometer, because the same pumping beam frequency noise coverts to different amplitude noise of the transmitted beam. To minimize this effect, we pick two cells which differ in the pressure shifts of the Rb D1 line by less than 0.3 GHz, which corresponds to a N 2 pressure difference less than 0.04 amg. We attach pieces of 0.2 and 0.6 mm thick color glass filter to the front and back of the cell to heat uniformly the cells through the absorption of 1550 nm light 14 . The cells were suspended on a Kapton web inside a vacuum package 24 with dimensions of 8.5×8×5 mm 3 . The heat loss of a vacuum-packed cell is dominated by the Stefan-Boltzmann law,
where A is the surface area of the cell with colored glass attached, T c (T e ) is the cell (environment) temperature, and σ is the Stefan-Boltzmann constant. At T e = 20
• C, Eq. (1) predicts that it takes 115 mW power to heat the cell to 150
• C. Experimentally a heat beam power of 150 mW was required to reach the same temperature, which confirms that the heat loss of our sensor is dominated by the black-body radiation of the cell. Eq. (1) also predicts that, for fixed heating power, T c changes by 7.5
• C when T e changes by 20
• C. We confirmed this dependence by adding an oven around the sensor and monitoring the change in beam transmission. Since the SERF regime covers a broad temperature range, a change in T c results mainly in a change of the pumping beam transmission on a long time scale. This effect can be diminished by stabilizing the cell temperature through monitoring the dc level of the photodiode output and feeding back to the heater power.
A SERF magnetometer requires not only a high cell temperature for a large atomic density, but also a low magnetic field environment. In this case, a stable atomic polarization P = 2 S p builds up, where S p is the electron spin along the pumping beam direction. A magnetic field modulation of frequency ω, which is much larger than the Zeeman frequency and optical pumping rate, perpendicular to the pumping beam direction results in modulated polarization components at harmonics of ω, with the first harmonic component as 20, 25 ,
where J is Bessel function of the first kind, γ e is the electron gyromagnetic ratio, Q(P ) is the nuclear spin slowdown factor, B t,0 and B t,m are the offset and modulation fields in the transverse direction, respectively, R p is the pumping rate, and R r is the spin relaxation rate which is dominated by the spin-destruction relaxation rate in the SERF regime. Because the pumping beam absorption is related to the atomic spin polarization, there are corresponding modulations of the beam transmission I at harmonics of ω. Its first harmonic component I(ω) shows a similar dispersive relation with the offset field as P (ω).
In the experiment, we use the reference output of a lockin amplifier to provide the modulation field, which also demodulates the transmitted beam signal at frequency ω. We pass the in-phase output signal to a PID controller, feed back the PID output to the Helmholtz coils on the sensor, and read out the field noise from the feedback signal. The conversion from a feedback signal to a magnetic field depends on the coil field calibration only. Therefore, it is more robust to changes in sensor parameters than in the case of open-loop operations 14 , which leads to a better CMRR.
The gradiometer sensor was tested in a three-layer magnetically-shielded room. The sensor works in a freerunning mode, without optical power, wavelength, or temperature control. Fig. 2(a) shows the sensor perfor- Hz. An independent table-top experiment 26 with similar cells and better control of the pumping-beam noise shows that it is possible to improve the single magnetometer sensitivity to better than 10 fT/Hz 1/2 . The cross-talk effect of the Helmholtz coils of one cell onto the other cell is less than 4 %. We acquire the gradiometer results by subtracting the two magnetometer results. The gradiometer sensitivity is around 5 fT/cm/Hz 1/2 at frequencies above 20 Hz. This agrees with the photon-noise-limited sensitivity in the open-loop operation, which we find by subtracting the lock-in amplifier quadrature outputs 14 . We also find that the gradiometer sensitivity degrades by less than 10 %, when the pumping beam frequency is tuned within a 5 GHz range. This makes it possible to run multiple gradiometers with different buffer-gas pressure shifts using a single pumping-beam source, as long as the two cells inside each gradiometer have similar gas pressures.
The common-mode noise rejection ratio is an important parameter to characterize the gradiometer. A large CMRR implies that the gradiometer could work in a noisy environment, which relaxes the requirements on the test room shielding factor or the instrument noise of nulling fields. To measure the CMRR, we place the gradiometer at the center of a three-dimensional rectangular Helmholtz coil system with side lengths of about 1 m. We pass white noise through a low pass filter with a bandwidth of 150 Hz, and connect the output to the large Helmholtz coils along the sensitive gradiometer direction. Fig. 2(b) shows that, with a single integrator in the PID controller, the sensor CMRR is about 500 at 1 Hz, and larger than 100 at frequencies up to 50 Hz. By adding a second integrator in the PID controller, we achieve better noise cancellation in the feedback loop at the cost of bandwidth reduction. In this case, the gradiometer shows a CMRR up to 1000 at frequencies near 10 Hz, where the best CMRR frequency is related to the time constant of the second integrator. This is the best CMRR reported for magnetic gradiometers in the SERF regime 27 .
The suppression of spin-exchange relaxation in the SERF regime limits the sensor dynamic range to 10 nT. If the bias field is beyond this dynamic range at the time of turning on the gradiometer, its control system is not able to provide the correct feedback current to null the offset field. A way around this problem is to add an additional compensation coil system and a sensor with a larger dynamic range to first bring the bias field to within the dynamic range of atomic sensor 28 . To implement this scheme in our gradiometer sensor while keeping the sensor size unchanged requires a second small and stable magnetic sensor. An example of such a sensor is the Honeywell HMC1053 three-axis magnetoresistive device 29 . We have tested this sensor in the polarity switching mode, and confirmed that the readout is stable within 10 nT over 30 hours with a proper thermal isolation.
The compensation coils are also required to be small to keep the whole system compact. We wrap a pair of Helmholtz and anti-Helmholtz coils for each cell on a slotted cylinder attached to the sensor outer surface as compensation coils. Compared to references which used a large compensation coil system 30, 31 , the small compensation coils compatible with our sensor could generate significant field gradients. To test the limitation in this small system, we use the 1 m size Helmholtz coil system mentioned previously to generate an offset field, and measure the gradiometer sensitivity after zeroing the offset field using the sensor compensation coils. Fig. 3(a) shows the result at a 50 mG bias field. The sensitivity of each magnetometer is dominated by the noise from the bias field current source 32 . The gradiometer largely cancels this common noise, and its sensitivity is limited by the field gradients. To compare the gradiometer sensitivity at different bias fields, we take the average gradiometer sensitivity from 90 Hz to 110 Hz, and plot the results in Fig. 3(b) . The gradiometer noise level increases quadratically with the bias field strength, which agrees with the expected scaling due to the gradient field 33 . With this scaling, the sensitivity of this gradiometer sensor is expected to be around 0.5 pT/cm/Hz 1/2 at the earth field amplitude, comparable with several previous measurements using a larger system 30, 31 . By adding more field gradient cancellation coils to the sensor, it would be possible to reduce the gradient field by another factor of three, this would reduce the noise level at earth field to be less than 100 fT/cm/Hz 1/2 , comparable to a recent result using a scalar gradiometer with a large compensation coil system 34 . This could potentially lead to a compact biomagnetic imaging system in an unshielded environment.
In summary, we have developed a miniaturized atomic magnetic gradiometer using vacuum-packaged chip-scale cells. This gradiometer works with a single laser beam, and operates in the SERF regime. Its heating power consumption is dominated by the black-body radiation from the cells. This gradiometer shows a gradient field sensitivity of 5 fT/cm/Hz 1/2 with a 20 mm baseline, and a maximum CMRR of 1000 within the sensor bandwidth. By adding a set of coils around the sensor to cancel the offset magnetic field, we test the sensor performance at external bias fields up to 150 mG. We are working to improve the sensitivity of this system by one order of magnitude in an unshielded environment. This device is useful for applications that require both sensitive gradient field information and high CMRR.
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